tions of the base units, which can be found in Refs. 1-3, since they are using calibrated instruments, and in addition do not have the facilities for performing original calibrations. The situation is the same as in the use of U.S. customary units, where few people are concerned with how, for example, the inch is defined (as exactly 2.54 cm). However, a few facts about the base units, which are perhaps of special interest to physicists, will be discussed here.
One might wonder why in several cases the definitions have been given in terms of rather peculiar numbers. In some cases, such values are due to the historical development of the units; in other cases, improved definitions have been introduced and, whenever possible, were chosen so that new measurements could be executed with greater precision (more significant digits) while data based on the older definitions, showing fewer digits, would not have to be changed.
The 1983 definition of the meter may be of special interest to physicists. The latest definition of the meter in terms of the time, t m , it takes light to travel one meter, implicitly uses the speed of light in vacuum (c ) as a defined (not measured) constant: 1 m = c . t m . This equation makes it clear that the strange number in the definition of the meter is the reciprocal of the speed of light. This has some implications for the interpretation of some of the electromagnetic equations, since c = 1/√ε 0 . μ 0 . The permittivity of free space, ε 0 , is now a defined quantity since μ 0 , the permeability of free space, remains defined as μ 0 = 4 π 3 10 -7 N/A. It occurs, for example, in the Coulomb's law constant (k = 1/(4 π . ε 0 ) ≈ 9 310 9 N . m 2 /C 2 ) and in the equation for the capacitance of a parallel plate capacitor (C = ε 0 multiplied by the plate area divided by the plate spacing). The permittivity of free space, μ 0 , occurs in Ampère's law and in the definition of the ampère. Experiments previously proposed for measuring the speed of light should now be considered as checks of the calibration of the length and/or time measuring instruments.
Derived units within SI
Derived SI units are obtained from base SI units by equations that are the same as the equations between the quantities, on which there is usually a consensus. For example,
Units
As all physicists know, all units are arbitrary. The numbering system is anthropocentric; for example, the Celsius scale of temperature has 100 degrees between the boiling point of water at STP and the freezing point of water. The number 100 is chosen because human beings have 10 fingers. The best units might be based on physical constants, for example, defining temperature in terms of absolute zero and the triple point of water, which are presumably the same everywhere in the universe. Even these units are anthropocentric, though, because, for example, why should water be more fundamental than another material? (Answer: only because we live on Earth, where the abundance of liquid water has made our lives possible.) The basic SI units (base units, see Sec. 2) are as arbitrary as any other set.
There are certainly reasons to prefer SI over other systems of units, however. First, SI units are less parochial than other units. One of us (GA) attended an international high-energy physics conference at which a detector was discussed by a speaker using measurements in U.S. customary units. The person to GA's right, not an American physicist, turned with a baffled expression on his face and asked GA for help understanding the dimensions of the detector. Had the speaker given the dimensions in SI, everyone attending-American and nonAmerican-would have understood the size implications immediately. Second, the SI units form a coherent set of units, as discussed in Sec. 3. Third, the SI units form a complete set, that is, one is able to describe any physical quantity within the same system of units. If some new form of physics is discovered, the SI may be extended as it has in the past to encompass the new phenomenon. This happened with radiation or health physics.
Base units of SI
The SI has seven base units (meter, kilogram, second, ampère, kelvin, mole, and candela; see Part III of this series in the next issue of TPT). All other SI units are called derived units, since they are based on combinations of base units according to the physics and mathematics equations that relate the quantity to be measured to the base quantities.
Most users of SI have no need of knowing the precise defini-
Coherence and dimensions
The question of the meaning of quantity as used in SI must be addressed. The term "quantity" is used here to mean the concept, the kind of entity one is concerned with; it answers the question of "what" is being measured. However, the term has often the meaning of "how much, " by which is meant the numerical value. Most would say that the value of a quantity is expressed as the product of a number and a unit, where the number multiplying the unit is the numerical value of the quantity as expressed using that unit.
The agreement of the physics equations between quantities with the equations between units is called coherence of the units. The units (see Tables I and II Claiming to use SI consistently implies that one has accepted the conventional defining equations for quantities as implied by using the seven base units and the defining equations of the quantities as used in ISO. Although this is a somewhat arbitrary choice, since in certain situations other or more base units might be more convenient, SI has rather wide acceptance.
One advantage of using coherent units is that one can be sure that whether one, for example, performs energy calculations in mechanics or in electric circuit problems, the answer will be in joules. It is not necessary to carry the units along throughout the calculations if one uses coherent units consistently. However, it is often advisable to carry the units throughout calculations as a check, since some errors can be detected when they appear as inconsistencies in the units. A unit analysis, of looking at the progress of units throughout a calculation, can of course also be performed without looking at the numerical values in a particular problem.
Such an analysis, whether the relation between the various quantities has been maintained in a calculation, can be carried out in terms of length, mass, time, current, etc. (L, M, T, I, ...) instead of in terms of the units, meter, kilogram, second, ampère, etc. In that case, one often refers to these base quantities as the dimensions. Usually, but not always, the base quantities of the unit system are also chosen as dimensions. The term dimension is then also used in cases where the units or dimensions cancel, and mathematically there is only a 1 ("one") left in the description of the quantity. Such a quantity is called "dimensionless" or "of dimension 1" or "of having the unit 1. " Such derived units may have a name (e.g., the angular measure radian) or have to be imagined as "one, " which is rarely shown. 4 (For example, a medium's refractive index of light, which is defined as the ratio of the speed of light in vacuum to the speed in the medium, is a "dimensionless" quantity.)
Prefixes
In order to obtain units that have a magnitude appropriate to the size of the quantity measured, or in order to avoid many zeros between the decimal point and the significant digits (see the unit for speed is meters per second, m/s, since speed is defined as the quotient "length over time;" or, since volume is basically the product of three lengths (length times width times height), the SI unit for volume is meter cubed or cubic meter, m 3 .
The derived units with special names have been introduced for a variety of reasons (these are all listed in Table II of  Part III) .
If a unit had a name in past use, the name has usually been adopted in the SI. There are several quantities for which the "reciprocal second, (s -1 )" is the SI unit. In order to allow some distinctions, special names have been adopted for some cases. The hertz (Hz = s -1 ) is the preferred name for the unit for frequency of oscillations (cycles per second), and becquerel (Bq = s -1 ) is the preferred unit name for nuclear activity (disintegrations per second).
The joule, J, is preferred as energy unit over equivalent expressions, in order to distinguish the energy unit from the unit of torque, which has the same expression in terms of base units. (Work is the dot product of a force and a length vector, while torque is the cross product, but dimensions [see next section] and units cannot make such a distinction.)
The distinction between the gray (Gy) and the sievert (Sv) is very important in medical work. Although two kinds of radiations may deliver the same exposure, as measured by the energy absorbed per unit mass of the irradiated material, for example, 6 Gy, the biological effect of one type of radiation may be many times greater (for example three times) than the other; it is therefore much safer to characterize it as delivering an equivalent dose of 18 Sv.
Such help in distinguishing different kinds of quantities that have the same units is not always available, and the distinction has to be made clear by the text or context; for example, heat capacity and entropy have the same units, J/K.
Although there is only one SI unit for each quantity, the unit may appear in many different forms; it may have a name, it may be expressed in terms of base units or in various forms using named derived units. For example, the unit for electric field may be expressed as N/C or V/m, chosen on the basis of the context. The unit for momentum may, for example, be expressed as N . s or kg.m/s. Various authors give the expression in terms of base units in different forms by choosing the sequence of the unit symbols in different ways. Some prefer the sequence that was created when older forms of the metric system were called mks (meter-kilogram-second) or cgs (centimeter-gram-second) systems. For example, the joule might be expressed as J = m 2 . kg.s -2 , or it might be expressed as J = kg.m 2 . s -2 , in the order in which the terms usually appear in the expression for kinetic energy, or as J = N . m in order to parallel the usual definition of work as force times distance.
When the special name or symbol of a derived unit is used in calculations, the expression in base units may be more useful (except the sievert, Sv), especially in the final form, because units can be combined or "canceled" or reinterpreted more easily. fix to the third power) provides a greater variety of multiples and submultiples, cL, dL, hL, etc. However, using prefixes in this way requires great care when converting to SI units (see example at end of Sect. 3 in Part IV 6 ). Furthermore, since the liter was originally defined as being the volume of a kilogram of water at its maximum density, which is not exactly the same as the cubic decimeter, there are two slightly different units by the name liter, which might cause confusion; therefore, the modern definition of the liter carries a warning not to use that unit in high-precision measurements.
Non-SI logarithmic units used with SI
Recently the neper (Np), bel (B), and katal (kat) have been added to the list of units accepted for use with SI. The katal, probably unfamiliar to most physicists, is a unit for catalytic activity for "mole per second" when used in measuring catalytic activity. It is mainly used in medicine and biochemistry. The neper and bel are used basically to describe quantities that Ref. 1 calls "logarithmic" because they would be linearized if one plotted them using a logarithmic scale (with equally spaced divisions such as 0.1, 1, 10, 100, 1000, etc.). These quantities may also be characterized as "exponential, " or "following a power law, " or as "growing geometrically. " Such quantities are often measured by their "level, " their logarithms. The neper is often considered as being coherent with SI since no specific factors are introduced in the definition.
Since logarithmic scales do not have a zero value for the variable, neper values are always comparing levels. However, if one level is chosen (specified in a particular case, or by convention in certain applications) as the "zero level, " or more generally as a reference level, L 0 , other levels can then be characterized by the natural logarithm of the ratio of the quantity to be described over the quantity at the reference level.
The value, in nepers, for the level difference of two values (F 1 and F 2 ) of a (field-) quantity is obtained by taking the natural logarithm of the ratio of the two values, DL N = ln F 1 /F 2 . For so-called power quantities (see below), a factor 0.5 is included in the definition of the level difference, DL N = 0.5 ln P 1 /P 2 . Two field quantity levels differ by 1 Np when the values of the quantity differ by a factor e (the base of natural logarithms). (The levels of two power quantities differ by 1 Np if the quantities differ by a factor e 2 .) Since the ratio of values of any kind of quantity (or the logarithm of such ratios) are pure numbers, the neper is dimensionless and can be represented by "one. " One cannot infer from this measure what kind of quantity is being considered so that the kind of quantity has to be specified clearly in all cases.
Logarithmic scales with specific reference levels are in use for selected quantities, such as the Richter scale for earthquake intensities, or the pH scale for acidity; the neper, however, is more generally used for a variety of quantities. The damping of an oscillator (pendulum) is a typical example (the damping can be characterized by the logarithmic decrement, which is the level decrease from one peak value to the next), or the sound intensity (especially as perceived by the senses), or the pressure of sound waves, or the absorption of waves, etc.
Part VII 5 of this series of articles), there are multiples and submultiples of the SI units, which are identified by the prefixes and the symbols of the prefixes (see Table III of Part III). With two exceptions, the prefixes may be applied to all SI units (i.e., both the base units and the named derived units), and are sometimes used with non-SI units. Exceptions: (i) in the case of mass, the prefixes are applied to the gram (g), in spite of the fact that the kilogram, for historical reasons, is the coherent base unit. (ii) prefixes are not to be applied to dimensionless units when they are written as "1. "
The prefixes, as the term implies, become part of the unit name and a space or hyphen should not be used to separate the prefix from the unit, either in writing the names or when using symbols. This is especially important to keep in mind when units with a prefix are raised to a power. Double prefixes may not be used; for example, use μF not mmF, or use nm and not mμm, or DO NOT use such constructs as Mkm 2 , where the prefix M is probably intended as applying to the km 2 , while the k is part of kilometer and has to be squared for example when converting to base units.
Prefixes ending in an "o" or "i" refer to negative powers of ten (the kilo and hecto are exceptions). Prefixes ending in an "a" indicate positive powers of ten.
In various fields certain unit sizes are used so frequently that they become very familiar, and some professions insist on the use of certain prefixes and restrict the use of others. For general use, however, and in calculations, the power-often notation is often preferred. There are different habits for selecting the powers of ten. Many authors recommend that the numerical part should be between 1 and 10 and refer to this as scientific notation; some recommend instead that the numerical part be between 0.1 and 1000, while still others recommend using only powers of ten that represent prefixes, so that in reading the numbers aloud prefixes can easily be substituted.
Use prefixes or power-of-ten notation to avoid the terms billion, trillion, etc., because the terms larger than million often have different meanings in different countries. 
Non-SI units used with SI
Several non-SI units (listed in Table IV of Part III) are accepted for use with the SI, primarily because they are traditionally used in everyday life or in certain professions. Some violate the general rule that there should be only one unit for a given quantity. Since they are so familiar, it is easy to make substitutions from SI when coherence is desired. Some of these units require some additional discussion.
Using the liter (1 L =1 dm 3 ) as a volume unit in addition to the cubic meter, is contrary to the "one unit for each kind of quantity" rule, but there are some advantages. In the elementary schools and in some printing formats, the SI designation dm 3 , cm 3 , etc. may be too difficult to handle. Applying the prefixes to the liter (rather than raising the meter with the pre-Among these examples there are two related groups of quantities that are handled in special ways. For example the pressure and intensity (or power) of sound waves, or in the case of electromagnetic waves the electric field and the intensity of the waves, are such pairs of related quantities-the field quantities (pressure and electric field) and the corresponding power quantities (or intensities). Usually the power is dependent on the square of the field quantity, so that the level differences would be twice as large for the power levels as for the field levels. In order to have the same value for the levels and as long as one deals with the measure in nepers, the definition for level or level differences of power quantities is conventionally modified by inserting a factor 0.5, so that the "level of sound, " for example, is about the same whether it is obtained from a field measurement or calculation, or from a power measurement or calculation. (Since the quadratic relation between power and fields is not always assured, it may be advisable to specify whether the levels have been obtained from field or power measurements or calculations.)
Another measure of such logarithmic quantities, which is especially used in acoustics, is the bel. In using the bel (B) the conventions are different. The value, in bels for the level difference of two values (P 1 and P 2 ) of a power quantity is obtained by the common (base 10) logarithm of the ratio of the two values, DL Β = log P 1 /P 2 . For field quantities a factor 2 is included in the definition to obtain the same level value whether field or power quantities are used for the description of the same phenomenon (field level difference in bels equals DL Β = 2 log F 1 /F 2 ). Two levels of power quantities differ by 1 B when they differ by a factor 10.
In converting from the neper to the bel measure, it is necessary to make a conversion of the base of the logarithm by multiplying the neper value by a factor "ln 10" = 2.3026, and a factor 0.5 because of the fact that the neper measure is based on field values and the bel measure on power values.
The various assumptions or conventions used when use is made of these units are not always clearly specified since people in a given field are usually familiar with the traditions. In general it should be stated or considered (i) what kind of quantity is to be described by its levels; (ii) whether the quantity to be described is a field or power quantity; (iii) what reference level is being used (unless one is concerned only with level differences); (iv) whether the value given is obtained from a measurement of a field quantity or a power quantity; (v) whether a quadratic relation between field and power quantity has been used and whether it is valid under the circumstances.
The conversion equation from neper to bel given in the SI table seems to be based on giving the result as the level of a field quantity, although it is assumed to be obtained from a measured or calculated power level that was expressed in neper (and therefore the factor 0.5 is included). The assumptions, usually not explicitly stated, in introductory physics books in using the bel seems to be that the intensity (power) levels are desired and no specific assumptions are made how the values are obtained. (If measurements are made on field quantities, a factor 2 would have to be included.)
